The 30% decrease in atmospheric carbon dioxide during glacial maxima must be driven by some change in the 
Introduction
Polar ice core studies have shown that atmospheric carbon dioxide was 90 parts per million by volume (ppmV) lower during glacial maxima (190 ppmV) than during warmer periods (280 ppmV) [Barnola et al., 1983 [Barnola et al., , 1987 Neftel et al., 1982 Neftel et al., , 1985 Neftel et al., , 1988 Oeschger et al. 1984 Oeschger et al. , 1985 . Lower CO2 significantly contributes to glacial cooling [Hansen et al., 1984] and provides an inter-hemispheric climate link. Considerable controversy has arisen regarding the causes of decreased glacial CO2, although it is agreed that some alteration of the oceanic chemical, biological, and physical circulations must be reponsible. Broecker [1982a,b] examined numerous aspects of the glacial ocean and proposed Copyright 1988 by the American Geophysical Union.
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0148-0227/88/88JC-03021 $05.00 that an increase in the phosphorus content of the ocean (due to oxidation of organic matter on the continental shelves) resulted in more efficient operation of the "biological pump': which drives carbon dioxide into the deep ocean. His model was consistent with many observations available at the time. The most striking success of his analysis was the prediction that the carbon isotope contrast between surface waters and deep waters would be greater during glacial times. Shackleton et al. [1983] verified this effect through the analysis of fossil planktonic and benthie foraminifera (Aõ13C(P-B)). But Broecker's model has since fallen from favor because (1) it appears that the carbon isotope contrast changes before sea level change (as recorded by fossil carbonate 8180) [Shackleton and Pisias, 1985 ] which argues against a link to shelf sediments; (2) the oceanic inventory of the nutrient analogue cadmium (Cd) does not record the large glacial increase required by Broecker's model [Boyle and Keigwin, 1985] ; and (3) the continental shelves may not contain enough organic matter in any event [Broecker and Peng, 1986 ].
More recent models account for changes in the surface/deep CO2 contrast by increasing nutrient depletion in high-latitude surface waters. These models call on improved efficiency of the "biological pump" by reducing the polar "leak" created by upwelling deep ocean waters [Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984] . A more efficient high-latitude pump can be attained by altered ocean circulation patterns or enhanced levels of highlatitude biological activity. These new models do not envision a direct link to sea level, nor do they call upon whole-ocean increases in nutrients. Some evidence appears to contradict the prime assumption of these models. The nutrient-related properties 813C and Cd/Ca in Antarctic planktonic foraminifera do not indicate any such glacial polar nutrient decrease (Table 1, Figure 1 , [Labeyrie and Duplessy, 1985] ). These new models (as well as Broecker's original model) also predict that pans of the deep ocean should become anoxic during glacial times. This prediction is contradicted by the presence of glacial age fossil benthic organisms in sediments and continuously high sedimentary iodine/carbon ratios from these regions [Pedersen et al., 1988] . Possibly, the evidence is misleading (e.g., perhaps Antarctic planktonic foraminifera did not grow during times of bottom water formation). But this failure to confirm glacial polar nutrient depletion and anoxia leaves these models without verification of key premises.
Another discrepancy between the theories and models has emerged recently. Further detailed work on planktonic and benthie foraminifera suggest that Aõ13C(P-B) was at its minimum about 10,000 years ago and that it has since risen to levels not much less than those observed in glacial maximum sediments [Mix and Shackleton, 1986 to blame this discrepancy on the data: perhaps the ice core time scale is wrong, or perhaps foraminifera (especially planktonic foraminifera) do not record Aõ13C(P-B) reliably.
While it is possible that the observations are flawed by some as yet unappreciated pi'oblem, we should first examine whether it is possible to devise a model that can accommodate the observations. This paper will describe a new model for glacial CO2 which builds upon insights achieved in previous work but can account for a significant proportion of changes in glacial atmospheric CO2 without discounting observations. This model relies heavily on the "carbonate ion response" noted by Broecker [1982a,b] [1986, 1987] analyzed Cd and õ13C in glacial benthic foraminifera from 4. It is possible that source waters for intermediate depth waters had a lower nutrient content than they do at present. Knox and McElroy [1984] suggested that higher light levels during summers could accomplish such an effect (although they actually were thinking of higher-latitude waters that form it could account for nutrient depletion in the Pacific. 5. Some biologists and chemists who have studied the effect of productivity levels on particle fluxes (in daily-or weekly-variant upper-water-column regimes) argue that recycling of carbon is more efficient in times of low productivity than during those of high-productivity [Bishop et al., 1980] . If so, then an increase in the frequency of these high-productivity events would drive carbon more efficiently into the deep ocean; e.g. perhaps recycling only 80% of the organic matter in the upper 2500 m, compared to about 90% at present. This change would transfer nutrients and metabolic CO2 into the deep ocean at the expense of the intermediate ocean.
Until we have more evidence, it will be difficult to assign any one of these mechanisms the dominant role. As will be seen, the effect on atmospheric CO2 of several of these mechanisms is similar, so it is possible to examine the consequences of this empirically observed phenomenom without understanding the primary cause. Nonetheless, if we are ultimately to acquire a predictive understanding of the process lowering glacial CO2, we will have to understand which specific mechanisms are operating.
A Scenario for Glacial CO2
This model for the transition from an interglacial high CO2 world to a low-CO2 glacial world assumes that there are two extreme states of ocean chemical distributions (see Figure 4 ). For reasons that will become apparent, these states are not considered "Interglacial" and "Glacial", but rather "Deglacial" and "Preglacial":
1 As has been shown elsewhere [Boyle, 1988] , the magnitude of the glacial-interglacial atmospheric CO2 change can be estimated if we assume that the deep box is homogeneous and that all sinking particulate biogenic matter degrades in "Redfield" proportions 106 CH20:21 CaCO3: One aspect of the ocean hydrography-CO2 system that bears noting is that the alkalinity response of the CO2 system integrates and minimizes short-term variability in ocean circulation. Since the circulation time of the ocean is under 1000 years, it is possible for the ocean to change its state in a relatively short time. Even if the ocean can change its state in less than a thousand years, the alkalinity lag smooths out these variations and acts as a stabilizing force on climate. water overturn (i.e., wind-driven upwelling) was increased in these trials. G-3 used "low mixing, low deep carbonate regeneration" parameters and G-4 used "high mixing, high deep carbonate regeneration" parameters. The same intermediate water nutrient depletion seen in the other glacial models was obtained in both trials, although a larger upwelling rate increased was needed in the "high-mixing" case G-4. In low-mixing G-3, pCO2 was reduced by 27 ppmV, whereas in high-mixing G-4, pCO2 only went down by 13 ppmV. If all carbonate regeneration occurs in the deep box, the pCO2 will actually increase. The enhanced upwelling mechanism cannot be as effective in reducing pCO2 as G-3 because of the additional deep alkalinity regeneration that accompanies the increase in surface carbonate productivity. These calculations show that it is possible for a transfer of CO2 from intermediate waters into deep waters to significantly affect atmospheric carbon dioxide by eliciting an alkalinity response. The most effective way to do this is to remineralize more organic matter in the deep ocean. It is also possible to obtain a response by altering wind-driven upwelling, but the magnitude (and even the direction) of the response to this mechanism depends strongly on the assumed regeneration function.
While the calculations show that it is possible to maintain polar preformed phosphorus constant despite a fall in intermediate phosphorus concentations, it is not obvious why the ocean should adopt the configuration required to achieve this stability. In the model, the effect is achieved by altering the mix of zero-P warm surface water and higher-P intermediate water flowing into the polar boxes. Intermediatedepth nutrient depletion could serve as a mechanism to deplete Antarctic preformed nutrients, and it offers a potential mechanism for the preformed phosphorus response to amplify the C02 change due to the alkalinity response.
Deep Sea Oxygen
The The carbonate preservation record is complicated by the alkalinity lag relative to the nutrient structure. Ignoring other factors that influence carbonate sedimentation, the following sequence of events is expected (Figure 7 ): 1. Immediately following the preglacial nutrient rearrangement, carbonate dissolution increases in the deep North Pacific and increases dramatically in the deep North Atlantic.
2. As the alkalinity of the ocean moves toward the new higher steady-state value, carbonate saturation increases everywhere in the ocean. After the rapid response to ocean circulation in the farst step of this sequence, Pacific carbonate preservation becomes better than it was during late interglacial times. In the Atlantic, however, the initial dissolution pulse is followed by only slightly improved preservation, that is still worse than preservation during late interglacial times. 4. As oceanic alkalinity approaches the steady state deglacial level, dissolution increases throughout the ocean. In the deep Pacific, this extra dissolution results in poorer preservation than during late glacial times. But in the Atlantic, while preservation is poorer than it was immediately following the change in ocean circulation, it is better than it is during "glacial" periods, however.
The "lag" of Pacific carbonate sedimentation relative to climate change has been commented on previously [Moore et al., 1974] and attributed to the response time of the calcium carbonate system [Boyle, 1983] , so the above scenario only belatedly provides a particular mechanism for this observation. The sequence of events is consistent with the evidence on deep Pacific dissolution provided by Keir and Berger [1985] (Figure 8 ). This new model provides more insight into Atlantic carbonate records. As Crowley [ 1983] has pointed out, over the last 140,000 years the most intense dissolution (in many parts of the Atlantic) occurred during oxygen isotope stage 4; this effect is expected when glaciation follows a long period of warm climate such as isotope stage 5. Furthermore, dissolution became quite a bit less severe during stage 3; this observation is in accord with Atlantic dissolution relaxation following alkalinity response combined with a return to oceanic conditions closer to the deglacial mode.
Conclusion and Speculations
Vertical rearrangement of oceanic chemical distributions is a potentially important mechanism for driving late Quaternary 4. No biological activity is included in the polar surface boxes, in part because the rate of biological production relative to physical turnover is low and in part because the effects of this process have been already discussed in published models and there is no need to investigate it here. The goal of this model is to illustrate a few processes which go on in the real world, not to exhaustively mimic the real world. 5. Gas exchange through the atmosphere is allowed to equilibrate the pCO2 between the surface boxes. Computationally, this is accomplished by shifting CO2 between the warm surface box and the cold polar boxes by the amount required to balance their pCO2. (Note: after this work was finished, a flaw was found in the algorithm used for pCO2. As a result, the north polar box always has pCO2 about 20 ppmV lower than the other two surface boxes. Since this degree of disequilibrium is common in the modem ocean and since the revision would not change the solution significantly, it was not deemed worthwhile to redo the model).
6. Carbon isotopes are incorporated into the model assuming that organic carbon has •513C =-22% o, that inorganic carbonate has •513C equal to that of warm surface water, and that the CO2 which is transfeted into the cold polar boxes is 1% o heavier than that of the warm surface box from which it comes. The latter assumption is chosen because the equilibrium carbon isotope composition at 2oc is 1%o heavier than at 25oc. The additional shift in the carbon isotope system due to this assumption is relatively minor.
7. Oxygen is incorporated into the model assuming that 138 oxygen molecules are consumed for every 106 organic carbon molecules regenerated. Takahashi et al. [1985] have recommended a higher value (170) for this ratio. The lower value was chosen, not because it necessarily is considered better than the newer estimate, but rather because a model of the structure given here results in too little oxygen in the "modern" ocean when the higher value is used. This problem could be due just as likely to deficiencies in the realism of this model as it is due to problems with the O2:C Redfield ratio; this problem needs to be considered in more detail elsewhere. Cold surface waters are assumed to start with 340 gmol/kg. Given these assumptions and the structure of the model shown in Figure 5 where 340 is the oxygen content of cold surface water, 265 is the oxygen content of 17øC surface water, and 138 is the assumed O2:P Redfield ratio.
The model was solved first by using the matrix inversion function of a microcomputer spreadsheet and then by an iterative finite difference approach (to verify the accuracy of the spreadsheet inversion murine).
Appendix B: The Vertical Regeneration Cycle of CaCO3
The vertical distribution of alkalinity and dissolved carbon dioxide is determined by a balance between (1) the vertical regeneration functions of sinking organic debris and CaCO3 and (2) the intensity of mixing between intermediate and deep waters. It is believed that most organic matter sinking out of the euphotic zone decomposes in the upper ocean (about 85%). This belief is based on models of oxygen consumption in the upper ocean [Jenkins, 1980] and fluxes estimated by sediment traps [Suess, 1980] . It is generally assumed that CaCO3 is returned into solution deep in the water, perhaps dominantly by dissolution on the seafloor. The flux of organic carbon out of the euphotic zone is higher than that of inorganic carbonate, but sediment traps deployed in the deep ocean generally show Corg: CaCO3 ratios close to 1:1 (see data summarized by D3/mond and Lyle, [1985] , due to the preferential degradation of organic carbon relative to carbonate. The vertical profile of alkalinity shows a deep maximum than phosphorus and is consistent with a deeper regeneration cycle [Edmond, 1974] 
